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We measure spin-orbit torque generated by exfoliated layers of the low-symmetry semi-metal ZrTes using the spin-torque ferro-
magnetic resonance (ST-FMR) technique. When the ZrTes has a thickness greater than about 10 nm, artifacts due to spin pump-
ing and/or resonant heating can cause the standard ST-FMR analysis to overestimate the true magnitude of the torque efficiency

by as much as a factor of 30, and to indicate incorrectly that the spin-orbit torque depends strongly on the ZrTes layer thickness.
Artifact-free measurements can still be achieved over a substantial thickness range by the method developed recently to detect
ST-FMR signals in the Hall geometry as well as the longitudinal geometry. ZrTes/Permalloy samples generate a conventional in-
plane anti-damping spin torque efficiency 5‘1‘)]“ =0.014 £ 0.004, and an unconventional in-plane field-like torque efficiency |§‘TL
=0.003 £ 0.001. The out-of-plane anti-damping torque is negligible. We suggest that artifacts similarly interfere with the standard
ST-FMR analysis for other van der Waals samples thicker than about 10 nm.

1 Introduction

Spin-orbit torques (SOT) can provide efficient switching of magnetization in nanoscale magnetic
devices. 1731 The torques generated by the heavy metals Pt, 41101 Ta, [LHL) yw U4IS) ang their

alloys %7l have been studied in detail. More recently, spin-orbit torques generated by van der
Waals materials have been an increasing focus, in order to study the consequences of spin-momentum
coupling in topological materials and to generate spin-orbit torques with unconventional orien-

tation using low-symmetry materials. Recent experiments in these categories include studies of
transition metal dichalcogenides (TMDs) MoS,, (187201 WTe,, (21241 WS, [23] NbSe,, [29 TaTe,, [27]
MoTe,, 28739 PtTe,, BU TaSe,, 321 WSe,, 133341 and Cd3As,, 22 as well as studies of the topo-

logical insulators Bi>Ses, 29281 BiSb 22 and magnetically-doped BiSbTe. 4041

When devices are made from exfoliated samples of van der Waals materials, it can sometimes
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be difficult to isolate layers thinner than a few 10’s of nanometers, so the spin-orbit layers can

be much thicker than for typical measurements of heavy metals, where the spin-orbit layers are
generally much thinner than 10 nm. Here we illustrate using van der Waals ZrTes/Permalloy bi-
layers that extra care is required when employing the spin-torque ferromagnetic resonance (ST-
FMR) technique (%4244 in devices with thicker spin-orbit layers, because the magnitude of arti-
facts due to spin pumping *>#7l and resonant heating 8l grow relative to the spin-orbit-torque
signals as a function of increasing layer thickness. One signature of such artifacts is an apparent
dependence of the spin-torque efficiency on the spin-orbit layer thickness for layers much thicker
than a typical spin diffusion length. We demonstrate that a recently-introduced modification of the
ST-FMR technique, ?] in which the ST-FMR signals are measured in the Hall geometry as well
as the usual longitudinal geometry, P%>11 allows more-accurate measurements of the spin-orbit
torques, separated from artifacts due to spin pumping and resonant heating, without any signifi-

cant added experimental effort.

ZrTes has the space group P2{/m (no. 11), with a screw axis along the Zr chain and a mirror plane
perpendicular to the screw axis 22231 as shown in Figure . ZrTes flakes exfoliate into narrow
nano-ribbons extended along the b axis, perpendicular to the a-c mirror plane, with typical di-
mensions of 20 um x 5 um. The crystal axis of the exfoliated flakes can be easily identified by the
orientation of the nano-ribbons. We prepare spin-orbit-torque test structures of ZrTes with vary-
ing thicknesses fz,1e, capped with 6 nm of Permalloy (Py, NigoFe,(). To avoid air exposure of the
ZrTes, we perform the final step of exfoliation in the load-lock chamber of our sputter system, at
pressures < 1076 torr. We then deposit the Py via magnetron sputtering without breaking vac-
uum. The Py has in-plane magnetic anisotropy. Figure|lb shows a schematic of the Py-covered
ZrTes heterostructure. We have studied two types of device geometries made by electron-beam
lithography and ion milling (see the Experimental Section): standard ST-FMR bars in which only
longitudinal electrical signals can be measured (Figure 2a) and ST-FMR devices which also con-
tain Hall contacts (with 1 um side wires) (Figure [2b). The devices with Hall contacts allow a sepa-

ration of spin-orbit-torque signals from artifacts due to spin pumping and resonant heating.

2 Results

For our ST-FMR measurements, we use a microwave-frequency (9-12 GHz) current source to
generate current-induced torques on the Py magnetic layer while sweeping an in-plane magnetic
field B at a fixed angle ¢ (Figure 1b). When the magnetic field is swept through the resonance
condition, the resulting magnetic precession produces resistance oscillations that mix with the
applied current to create a DC voltage signal. In addition to this mixing signal, resonant DC volt-
ages that we will describe as artifact voltages can also be generated by (i) spin pumping of spin
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current from the magnetic layer to the spin-orbit layer together with the inverse spin Hall effect in
the spin-orbit layer, (i1) resonant heating that generates a spin Seebeck-induced spin current into
the spin-orbit layer together with the inverse spin Hall effect, and (iii) resonant heating that gen-
erates a thermal gradient within the conducting magnetic layer together with the Nernst effect. In
all cases, these artifacts result in an electric field at resonance that is perpendicular to the magne-
tization axis, so that the artifacts produce voltage signals sharing same dependence on the angle
¢. We modulate the amplitude of the microwave-frequency current source at 1 kHz and detect the

resonant voltage from the sample using a bias tee and lock-in amplifier.

We will analyze the results from our ST-FMR measurements first using an (incorrect) “standard”
analysis framework that neglects the contributions from spin pumping and resonant heating. We
will then demonstrate the framework that considers both the longitudinal and Hall-detected reso-
nance voltages, and that allows the artifact signals to be separated from the mixing signal due to

the spin-orbit torques.

2.1 Analysis neglecting artifacts

Within the standard ST-FMR analysis framework, only the longitudinal voltage Vxx parallel to the
applied current is detected. We fit this resonant voltage to a sum of symmetric and anti-symmetric

Lorentzian components, plus a linear background to account for the ordinary Nernst effect (ONE)

Vxx(9) = Sxx(¢)S(B) +Axx(¢)A(B) + Vone(¢)B. (1)

Here we define the symmetric and anti-symmetric Lorentzians as S(B) = m and A(B)
= % where B is the resonant field and A is the linewidth. Fits to the data taken at f =

9 GHz and ¢ =45 deg in Figure [3p,b, show good agreement for both thin (3 nm) and thick (66
nm) ZrTez. These data can be analyzed within the framework of the Landau-Lifshitz-Gilbert-

Slonczewski equation, 24! assuming a magnetic layer with in-plane anisotropy and that macrospin
magnetic dynamics are a good approximation 22/

dm . = . dm

E:—ymxBeff—i—ame—ka—ku, )
where 771 is the orientation of the magnetic moment, B¢ is an effective magnetic field, y is the gy-
romagnetic ratio, o is the Gilbert damping parameter (& = YA/® where @ is the resonance angu-
lar frequency), and %ll and 7| are the in-plane and out-of-plane current-induced torques per unit
magnetic moment. If one assumes that the signal is entirely due to the mixing voltage, with no
contribution from the artifact voltages, then the amplitudes of the Lorentzian components Sxx and

Axx depend on the strengths of 7| and 7| [21]

IrgR in(2
Sxx = RERAMRSINGZO) () 3)

2007
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IReR in(2
Axy — _RF Z%R;in( M%H(@ )

where IRr is the applied GHz current and the change in the resistance of the bilayer as a function

of in-plane magnetization orientation is R(¢) = Ramr cos’(¢). We define @; = yBy, @, = y(By +
woMefr), @ = /O, and ®" = @] + M. By is the resonant field and poMesr is the perpendicular
anisotropy field (positive for a film with in-plane anisotropy).

For high-symmetry spin-orbit materials, the in-plane torque from the spin current &, is constrained
by symmetry to have the anti-damping form 7j; = rﬁm X (6 x m), (rﬁm X (=9 x m) for Pt), so
that for an in-plane magnetization 1), (¢) = ’cﬁ cos @, while the out-of-plane torque can be the sum
of a field-like spin-orbit torque rgLﬁz x ¥ and the torque due to the Oersted field Tgeﬁz % ¥, both of
which give 7, (¢) = ‘Cﬁ cos ¢. Therefore in this simple case, both Sxx and Axx are proportional

to sin(2¢) cos(¢). For a low-symmetry material like ZrTes, current-induced spins oriented in the

Z direction are also allowed by symmetry if there is a component of current perpendicular to the
mirror plane. 21222853561 Thig allows for an in-plane field-like torque of the form —TﬁLﬁ’l X 2
and an out-of-plane anti-damping torque of the form TELm X (2 x ) so that for an in-plane mag-
netization 7 (¢) = ”L'|(|) cos¢ — T|1|:L and 7, (¢) = 7¥ cos ¢ + tPL. Consequently, the amplitudes of

the ST-FMR components can have the angular dependence
Sxx = sin(2¢)(Vscos(¢) + V1) (5)

Axx = sin(2¢)(Vacos(¢)+Vs) (6)

where Vg, V1, Va, and Vg are constants corresponding to the strength of the Tﬁ , T\[TL’ TE and Tﬂ‘)L
torques respectively. Fits to the angular dependence for 3 nm and 66 nm thick ZrTes devices in
Figure [d| show good agreement with the expected angular dependence. For the thinner ZrTes layer
we observe a non-zero value of V7 corresponding to an unconventional in-plane field-like torque.
An unconventional out-of-plane anti-damping torque is allowed by symmetry, but is not evident in

the angular fits for either sample.

If one assumes that the out-of-plane field-like spin-orbit torque is negligible relative to the Oer-
sted torque (a good assumption at least for the thicker ZrTes layers, see the Supporting Informa-
tion), one can calculate the efficiencies corresponding to the in-plane torques ’L'|(|) and ‘L"ITL by using

the Oersted torque to calibrate the charge current density Jc in the ZrTes layer [©]

5\1|)L = ZeMstmag T‘(‘) _ E ep'OMthrTetmag 1+ IJ{)Meff

‘Yh]c Va h By

EFL = 2eMstmag g _ Vr eloMslzetelmag /| | MoMesr ®
LRV VR A h V By

Here M is the saturation magnetization, fz;e, 18 the ZrTe; thickness, and 7y, is the Py thickness.

(7)

We have also checked this approach for selected sample thicknesses by directly calibrating the
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microwave current in the sample using a vector network analyzer (see Supporting Information),

rather than computing Vs /Vy, and the conclusions are the same.

The results of this (incorrect) standard analysis, which neglects artifact effects, are shown in Fig-
ure |Sa as a function of the thickness of the ZrTes layer. For the thinnest ZrTes layers, the standard
in-plane anti-damping torque efficiency 5‘?]“ is weakly positive, with a value §|]‘)L =0.015+£0.002
for the 3 nm ZrTes layer, but as a function of increasing ZrTes thickness it becomes negative, with
strong thickness dependence through 100 nm. At the largest ZrTe; thicknesses, the apparent mag-
nitude of §|]‘)L appears to become extremely large ]§|]‘)L| > (0.4, even larger than the value for pure
W. 14] The corresponding torque conductivity G|]|)L = éﬁ)LGXX (Figure ), also exhibits the un-
usual thickness dependence and very large apparent values, on the same order of magnitude as Pt
for the thickest ZrTe; samples, ]G|]|3L| > 10° (%) Sm~!. 18 The unconventional in-plane fieldlike
torques have values around \éﬁL] = 0.003 £0.001 and remain largely independent of ZrTes thick-
ness (Figure[5k), while the out-of-plane anti-damping torques are negligible (Figure [5d).

This standard analysis is incorrect because of the neglect of the artifacts from spin pumping #277]

and resonant heating 48], The Oersted torque generated by the charge current in the ZrTes layer
is proportional to charge current density in the layer times the ZrTes layer thickness, while the
spin-orbit torques are proportional only to the charge current density. Consequently, as the ZrTes
layer thickness increases the Oersted torque increasingly dominates over the spin-orbit torques.
The large Oersted torque generates large precession amplitudes, and hence increased signals due
to spin pumping and resonant heating, relative to the mixing voltages generated by the spin-orbit
torques. These artifact voltages produce a symmetric resonant peak shape, and when the ST-FMR
resonant voltage is detected only in the longitudinal direction they have the same angular depen-
dence as the signal from the in-plane anti-damping spin-orbit torque, and hence cannot be distin-
guished from the mixing signal due to TI(\) . For the sign of Ramr in Py devices, the sign due to the
spin-pumping signal is opposite to the rectification signal due to ’L'|(|) , B9l consistent with Figure ,
and the magnitude of the signals we observe in Figure[Sh are also fully consistent with expecta-

tions for the spin pumping + inverse spin Hall effect (see Supporting Information).

2.2 Using ST-FMR in the Hall geometry to separate the spin-orbit-torque signal from arti-
facts

When ST-FMR signals are detected in the Hall geometry in addition to the standard longitudi-
nal geometry, the angular dependence of artifacts due to spin-pumping and resonant heating is no
longer identical to the Hall-detected spin-orbit mixing signal, allowing the different signals to be
separated. *°l We perform the Hall-detected measurements using the sample geometry shown in

Figure2b. We detect both the transverse and longitudinal voltage signals at the same time using
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two lock-in amplifiers registered to the same kHz-frequency amplitude modulation of the microwave-
frequency applied current. Neither the device fabrication nor the measurements themselves there-
fore take more time than conventional longitudinal ST-FMR measurements. To obtain quantitative
values of the current-induced torques, we calibrate the microwave current Irp for each device us-

ing a vector network analyzer (see Supporting Information).

We follow the analysis procedure described in reference [49] with the addition of contributions
from the unconventional torques ’CH L and TEL. The transverse ST-FMR signal can again be sep-

arated into symmetric and anti-symmetric Lorentzian components, Vxy = SxyS(B) + AxyA(B)
(Figure [6)).

The artifact-induced voltages have the angular dependence:

L sin longitudinal
Vart = E;)ItCOS2¢ ’ s
W cos ¢ transverse

©)
E;grt L sin 2¢ cos ¢ longitudinal

2 | W (cos 2¢cos ¢ +cos @)  transverse

where L is the length of the device (in the longitudinal direction) and W is the width, and we have
used the relations cos?@sing = (sin2¢cos¢)/2 and cos®§ = (cos + cos2¢cosd)/2. We add these
contributions from the artifact-induced voltages Vj to the mixing voltages from current-induced
magnetic precession. The mixing voltages in the Hall geometry have contributions from modula-
tion of both the planar and anomalous Hall effects, Rxy(¢) = Rpgg sinz(G)sin(¢))cos(¢)) + RAHE
cos(0), times angular dependence associated with %H (¢) and T () (see the derivation in [49]).
Here 0 is the tilt angle of the magnetization relative to the out-of-plane direction. The general
form of the ¢ dependence for the case in which current-generated spins are allowed in both the

v and Z directions is

Sxx(9) = S sin 26 cos ¢ —|—S|)|(X sin2¢,

Axx(¢) =A AMR sin2¢ cos ¢ +AXX s1n2¢, o
Sxy () = PHE/artCOS 26 cos ¢+ SEEAT o6 4 \ FL PHE 20 +SL,DL,AHE7

Axy(9) = AR cos2¢ cos ¢ +ARE cos ¢ +A§$L PHE 620 JrAH JFL.AHE
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with the amplitude coefficients

SRX = 2;;Q%RAMRTO - %Ez(l)rt
= SRX T + Var
AR = 2;R£+ RAMR%T?_
Syt = —%RPHET? - gEa?rt
AR =— 2£CR£+ RPHE%T?_ 1)
ST — Rt — 5 Ed
AYE = —zéR£+ RAHE%Tﬁ
S‘)'(’?’PHE = %RPHETEL
ALDLPHE _ _ S éRaP;-i- Rere % DL
S)L&)L,AHE =5 ;R(ffr Rampe ™

Here we have assumed that the unconventional components of the spin Hall conductivity are suffi-

ciently small that they do not influence the angular dependence of the artifact voltage.

Figure 7| shows representative fits of Equation (I0) to the measured angular dependence of Sxx.,
Axx, Sxy, and Axy for a ZrTe3 (5 nm)/Py (6 nm) sample. We find good agreement. We can deter-
mine the artifact electric field by first calculating the ratio n = (Tﬁ / 1'3) \/M in two different
ways by employing the pair of parameters S and A associated with each of the AMR, PHE, and
AHE corresponding to ”L'|(|) and ‘L'ﬁ

S}/?I;E/art + w ( Eal’t /2) A)P(I-%E
- _ A%{IE _ Sg‘bl\élR/art + L(Eq/2) (13)
SR AW (Eun/2) A"

Using the measured amplitude coefficients, one can solve for E, using either Equation (12)) or
(13)) and check consistency (see Supporting Information for details about the sign in the quadratic

formula). We find that these values do agree to within experimental uncertainty. Figure [8a shows
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the ratio of the artifact voltage S&% = L(Eaq/2) to the total measured value of SR¥R, We see for
ZrTes layers thicker than 10 nm that this ratio is close to 1, meaning that the longitudinal symmet-

ric ST-FMR signals are completely dominated by the artifact voltage.

Figure [8b shows the results of the Hall ST-FMR analysis for the efficiency of the conventional in-
plane anti-damping spin-orbit torque, separated from the artifact signals. To arrive at these values,

SEMR/Art in Equa-

we determine ‘L'h) by subtracting the artifact voltage from the measured values of
tion (11)), measuring o from the ST-FMR linewidths, and M, from the frequency dependence of
By (assuming Mg ~ M.). The in-plane anti-damping spin-torque efficiency §|]‘)L is then deter-

mined from ’cﬁ using Equation H using a parallel-resistor model to estimate the charge current

density within the ZrTe; layer.

We obtain the efficiency §|]|3L =0.014 £ 0.004 as shown by the dotted line in Figure , largely
independent of device thickness for 7,1, < 15 nm. Beyond ZrTes thicknesses of 15 nm, the ar-
tifact voltages are too large to make an accurate determination of the spin-orbit torque, but it is
clear that the apparent thickness dependence of this efficiency in the range fz;1e, > 15 nm is due
entirely to the effects of the artifact voltages. The unconventional torques from the Hall geome-
try (Figure [8k.d), also remain largely independent of thickness, with values that are little-changed

from the conventional ST-FMR analysis.

3 Conclusions

We have used ST-FMR to investigate the spin-orbit torques generated by exfoliated flakes of the
low-symmetry semi-metal ZrTes for a wide range of layer thicknesses in ZrTe3/Py(6 nm) devices.
We find that the “standard” ST-FMR analysis, which neglects the effects of artifacts due to spin
pumping and resonant heating, gives incorrect values for the in-plane anti-damping torque effi-
ciency .§|1|)L of ZrTej layers thicker than about 10 nm. For the thickest layers, this incorrect stan-
dard analysis can overestimate the magnitude of §|]‘)L by as much as a factor of 30, and it indicates
an unphysical strong dependence of the torque efficiency on layer thickness. ST-FMR measure-
ments in the Hall geometry demonstrate that this strong apparent thickness dependence is due en-
tirely to artifacts from spin pumping and/or resonant heating, not a true dependence of the spin-
orbit torque on layer thickness. For ZrTes, the Hall ST-FMR measurements yield torque efficien-
cies (:‘|]|3L =0.014 £ 0.004 for the conventional in-plane anti-damping torque and |<§‘1|:L| =0.003 £+
0.001 for the unconventional in-plane field-like torque. The unconventional spin-orbit torques in
ZrTes are similar to strained NbSe, in that the in-plane field like torque is non-zero while the out-
of-plane anti-damping torque is negligible, while low-symmetry WTe; and MoTe, are different in

that the out-of-plane anti-damping torque is non-zero.
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We can make an estimate for when artifact voltages cannot be neglected for an arbitrary nonmag-
netic (NM) spin-source material by calculating the ratio of the longitudinal spin-pumping volt-
age Vsp (Eq. (1) in the Supporting Information) divided by the mixing voltage associated with the
conventional in-plane antidamping torque Sxx (Eq. (4) in the main text.) To simplify the approx-
imation, we consider the case where the Oersted field is the primary driver of the precession that
generates the spin-pumping voltage, that the applied magnetic field By can be neglected relative
to HoM.gr, and that the scale of the magnetoresistance varies with the nonmagnetic layer thickness
as RAMR ~ GOAMRthot, where G%MR is the magnetoconductance in the limit of zero nonmagnetic-
metal thickness and Ry is the total device resistance. We also assume that the thickness of the
nonmagnetic layer is greater than the spin diffusion length, fny > Agq. After some algebra, we

obtain

’VSP‘ ~ tl%]Mlsng#f e’ yungtmag
’SXX‘ pNMTint Anh O‘G(/)XMR

(14)
Here pnw is the resistivity of the nonmagnetic material, glﬁf is the effective spin-mixing conduc-
tance of the interface, and Tjy, is an interface transparency for spin currents going from the non-
magnet to the magnet that we approximate =~ 1. We note that |Vsp|/|Sxx| has no dependence on
the value of the spin Hall torque efficiency §|]‘3L as long as this is non-zero. The relative impor-
tance of the spin-pumping artifact grows with layer thicknesses o< tI%IM and o< fy,e. For parame-
ters appropriate for our ZrTe3/Py samples, pxv = 5.7 x 1076 Qm, yoMy = 0.95 T, Imag = 6 nm,
a =0.01, and Gz = 1 x 107> Q~1, and for typical values ngif =2x 10" m2 and A =2 nm,
we obtain |Vsp|/|Sxx| =~ 0.2 for a 10 nm ZrTes layer and |Vsp|/|Sxx| ~ 20 for a 100 nm device,
reasonably consistent with our measurements. If the parameters of the magnetic layer are fixed,
then by Eq. (T4) the crossover thickness of the normal metal beyond which spin pumping cannot
be neglected scales as

tlfilr&ssover o pNMYT}ft- (15)
Asd8et

Because of the square root, the crossover thickness is only weakly dependent on the properties of
the nonmagnetic layer. We conclude, as a rule of thumb, that the effects of spin-pumping signals
should not be ignored in any conventional ST-FMR experiment that employs nonmagnetic layers

approaching 10 nm or above.

Several previous experiments studying spin-orbit torques generated by van der Waals layers have
performed a conventional ST-FMR analysis, without accounting for the possibility of artifacts
due to spin pumping or resonant heating, for devices with layers considerably thicker than 10

nm. 2%3031) They have reportedly unexpectedly large values for the spin-torque efficiencies com-

pared to thinner layers [21:22128] and strong dependence in the torque efficiency in this large-thickness
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range beyond 10 nm — qualitatively similar to what we find in our ZrTe; samples when we ne-
glect artifacts. We suggest that these anomalous results are due to spin pumping and/or resonant-
heating artifacts, and that these measurements therefore do not provide accurate values of spin-
orbit torques. We also suggest that ST-FMR measurements in the Hall geometry should be adopted
as a standard technique to allow a clear separation of true spin-orbit-torque signals from these ar-
tifacts.

4 Experimental Section

4.1 Device Fabrication and Characterization

We make spin-orbit-torque test structures by first using the scotch-tape exfoliation method to trans-
fer flakes from bulk ZrTe; crystals bought commercially from HQ-Graphene, onto high-resistivity
silicon/silicon dioxide (300 nm) wafers in a nitrogen glove box with HyO and O; levels <0.5

ppm. For the final stage of exfoliation, scotch-tape covered crystals are transferred into the load
lock of a magnetron sputtering system, where pristine surfaces of ZrTej3 are exfoliated under a
vacuum of < 107 torr. We then use grazing angle sputtering to deposit 6 nm of Permalloy (Py,
NiggFeso) and 2 nm of aluminum to cap the film. The aluminum cap is oxidized upon exposure to
air. Flakes of appropriate thicknesses are then screened using optical contrast, and selected based
on the results of atomic force microscopy (AFM). Figure [Ib shows a schematic of the Py-covered
ZrTes heterostructure.

Regions of flakes to be incorporated into devices for study are chosen so that they are smooth (<
0.3 nm roughness) with no mono-layer steps and are free of residue from the exfoliation process.
We pattern bars along length of the ZrTe; nano-ribbons, parallel to the b axis and perpendicular to
the mirror plane, with typical dimensions of 6 x 4 um?, using electron-beam lithography and ion-
milling. Electrical contacts for ST-FMR measurements are made using a second round of e-beam
lithography and magnetron sputtering of 5 nm Ti/60 nm Pt. We have studied two types of device
geometries: standard ST-FMR bars in which only longitudinal electrical signals can be measured
(Figure[2(a)) and ST-FMR devices which also contain Hall contacts (with 1 pum side wires) (Fig-
ure [2(b)). The crystallographic orientation of the ZrTes in the completed devices are further con-
firmed using polarized Raman spectroscopy on a WITec Alpha300R confocal Raman microscope

fitted with a Thorlabs rotation stage (see Supporting Information).

4.2 ST-FMR Measurement

ST-FMR measurements were done using an Agilent E8257C 40 GHz rf power source and Signal
recovery 7265 Lock-in amplifiers for readout of the mixing voltages. RF signals with frequen-

cies 9-12 GHz were input with a maximum power of 10 dBm along the low symmetry b axis of

10
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the ZrTes/Py heterostructures. In-plane magnetic fields were applied on a probe station using a
GMW 5201 projected field magnet mounted on X, y and phi motion stages controlled by a New-
port ESP300 motion controller. Fields were swept from O - 0.27 T at varying in-plane angles (¢)
with respect to the current direction while keeping the rf frequency constant. The rf current cali-
bration was done through S;; and S,; measurements using an Agilent 8722ES 40 GHz Network
Analyzer.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1: a) Crystal structure of ZrTes in the a-b and c-a planes. The red dashed line indicates the intersection of the
mirror plane with the a-b plane. b) Schematic of a ZrTe3/Permalloy(Py) heterostructure with applied current flow
along the b axis (perpendicular to the mirror plane), a geometry for which unconventional spin-orbit torques are

symmetry-allowed.
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Figure 2: Schematic of the device geometry and measurement circuit for (a) conventional ST-FMR and (b) Hall-
detected ST-FMR. For the Hall-detected ST-FMR measurements, an additional lock-in amplifier connected across the

Hall leads is used to read out the transverse mixing voltage Vxy = V)‘?Y - V)?Y.
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Figure 3: Longitudinal ST-FMR signal as a function of applied magnetic field at a fixed angle of 45° for (a) a 3 nm

and (b) a 66 nm thick ZrTes flake, along with fits to the sum of antisymmetric and symmetric Lorentzian line shapes.
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Figure 4: Symmetric (Sxx) and antisymmetric (Axx) components of longitudinal ST-FMR signals as a function of

in-plane magnetic-field angle for 3 nm and 66 nm thick ZrTes flakes, along with fits to Equations (E[) and @

18



WILEY-VCH

REFERENCES
b
(a) 0 ()A--@Esf- -------------------------------------- (b) e
i — s Eizig
o] = —0.21 @
-0.1 8 @ g - 0
& g - X, = & m
2 m 3_0.4‘ M
A= —0.21 o] (\l tiln
hd . = -0.6 .
o [ [+
0.3 . S s .
T
—0.41 o o —1.01 @
K1} M 3]
0 20 40 60 80 100 0 20 40 60 80 100
ZLZrTe3 [nm] tZrTe3 [nm]
(c) 0.008 (d) 0.008
0.006 1 0.006 1
== 0.0047 250.004
nr EF’{& o
4 4+ 4+
0.0021 = " 0.002 1 .
NI,
0.000 [-==========mm=mmmmmmmmmmo oo R e
0 5 10 15 20 0 5 10 15 20
17:Tes [nm] ZLZr'l'e; [nm]
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conductivity based on the incorrect standard analysis that neglects artifact from spin pumping and resonant heating.
(c) Unconventional in-plane field-like spin torque efficiencies, (d) Unconventional out-of-plane anti-damping spin

torque efficiencies.
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Figure 6: Hall ST-FMR signal as a function of applied magnetic field at a fixed angle of 45° for a 5.5 nm and a 100
nm thick ZrTe; flake, along with fits to the sum of antisymmetric and symmetric Lorentzian line shapes.
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and Hall (Sxy, Axy) mixing voltages for a 5.5 nm thick ZrTes device.
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SR/t showing that the artifact dominates the signal for for z,1e; > 10 nm. (b) Artifact-corrected anti-damping
torque efficiency from Hall ST-FMR, showing negligible thickness dependence and absence of a sign change as #z;1e,
increases. Spin torque efficiencies from the Hall ST-FMR measurements for (c) the unconventional in-plane field-like
torque and (d) the unconventional out-of-plane anti-damping torque, showing small values in agreement with the
standard ST-FMR measurements for these torque components.
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Hall-geometry ST-FMR allows separation of spin-orbit-torque signals from spin-pumping/resonating heating artifacts
that dominate standard ST-FMR measurements for van der Waals samples thicker than about 10 nm.

Artifacts due to spin pumping and resonant heating cause standard spin-torque ferromagnetic res-
onance (ST-FMR) measurements to give large overestimates of spin-orbit torque and an unphysi-
cal apparent thickness dependence when applied to van der Waals materials thicker than about 10

nm. Separation of the spin-orbit torque signal from artifacts can be achieved using Hall-detected
ST-FMR.
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